A module was developed for the continuous monitoring of volatile halogen organic pollutants in complex matrices. The module utilized a polymer membrane for extraction and a capillary gas chromatography-mass spectrometry (GC-MS) for detection. The extraction of analytes (CHCl3, CHCl2Br, CHClBr2 and CHBr3) from samples was performed in a flow system mediated by a non-porous flat membrane. The effects of the phase-volume ratios, flow conditions, kinetics, analyte properties and matrices were assessed and optimized. The limits of detection were at low mg L -1 to ng L -1 levels, with GC-MS analysis under selected ion monitoring (SIM), whereas enrichment factors between 6 and 30 were achieved. Precision values calculated as repeatability and reproducibility with a relative standard deviation (%RSD, n = 5) of 7.2 to 9.5 after 30 min were obtained. The performance of the continuous membrane assisted solvent extraction system was compared with classical liquid-liquid extraction. The method was applied to the extraction of trihalomethanes in chlorinated drinking-water samples.
Introduction
The occurrence and behavior of volatile organochlorines in the environment, and especially during drinking-water treatment has been a matter of concern since 1974 when Rook 1 and Bellar 2 found the formation of halogenated hydrocarbons during the chlorination process. Several halogenated disinfection by-products have been identified. However, the predominant halogenated by-products are dependent on the nature of raw water sources; e.g. chloroform in surface water, and bromoform in mixed and ground water. The most commonly detected concentrations ranged from lower ng L -1 up to mg L -1 . 3, 4 These compounds can be detected by purge and trap, 5 headspace analysis followed by GC-ECD or GC-MS detection, 6, 7 and liquid-liquid extraction (LLE), followed by detection with one of these chromatographic configurations. 8 Recently the liquidliquid extraction technique was automatized and miniaturized to an organic solvent volume of 100 mL by applying membranes, followed by detection with a GC equipped with an electroncapture detector. 9 An additional reason for developing the new method was to reduce the occurrence of matrix effects in LLE, which can seriously compromise the quantitative data, and may increase the detection limits when real samples are analyzed. 10, 11 Consequently, membrane extraction has become attractive for the clean-up and enrichment of organic compounds. 12, 13 One remarkable advantage of the novel sample preparation technique is miniaturization of the sample and solvent volumes, which leads to an extension of applications from the environmental field 14 to pharmaceutical domains. 15 Depending on the materials involved, membrane-mediated extraction can be applied in two-or three-phase systems. 16 In two-phase systems the membrane is an interface between the sample (donor) and the solvent (acceptor). The membrane not only avoids mixing the two phases, but also reduces the matrix effects and the formation of emulsions, which provides more practical advantages. 17 In three-phase applications, the system consists of an auxiliary intermediate extraction of analytes in an organic solvent impregnated in a support membrane (supported liquid membrane, SLM). 18 Subsequently, the analytes are backextracted in the mobile organic solvent (lipophile extractions), or in the aqueous phase, by the driving force of the pH change of the acceptor phase (hydrophile extractions). 19 Depending on the nature of the organic solvent and on the pH of the aqueous solvents employed for extraction, the selectivity and the purity of the final extracts will be tuned.
SLMs potential in batch and flow procedures were investigated for a wide variety of analytes and sample matrices. [20] [21] [22] The application of polymeric films for membrane extraction has attracted considerable interest due to the mechanical robustness and the diversity of the extraction solvents. Polymer membrane extraction as a means of sample preparation prior to the analytical instrument was suggested by Melcher et al. [23] [24] [25] The application of polymer membranes for the separation of analytes by a partitioning mechanism can be traced back to mid 1970 when the utility of various membrane materials was explored for long-term air sampling 26 and for trace analysis of volatile compounds in air and water. 27 Automated flow-through systems utilizing homogeneous polymeric membranes in a sandwich and tube-in-shell configuration hyphenated with chromatographic analysis have been investigated. 23, 24 The main advantage of the dynamic flow systems is that neither exhaustive extraction nor equilibrium 420 ANALYTICAL SCIENCES MARCH 2009, VOL. 25 needs to be obtained, due to the controlled kinetic conditions. This allows for fast extractions, and enables the applications of real-time monitoring in process control and environmental monitoring. 23, 28, 29 In the present work we studied the potential of a system based on a membrane-mediated analyte concentration to extract four trihalomethanes from aqueous samples followed by GC-ECD and GC-MS analysis. Because the method was optimized in terms of phase-to-volume ratios, enrichment factors, time and matrix effects, the determination of low mg L -1 was possible. The optimized conditions were applied for the analysis of trihalomethanes in drinking-water samples.
Experimental

Chemicals and standards
Volatile-haloforms were selected as model organohalogen compounds for membrane-mediated liquid-liquid extraction experiments.
The standards used were trihalomethanes calibration mix 2000 mg mL -1 , Supelco, Bellefonte, USA. A stock solution was prepared in methanol at a concentration of 400 mg L -1 , and diluted solutions were obtained after spiking aliquots in the respective amount of distilled water or solvent. The organic solvents used for extraction were analytical-grade isooctane and cyclopentane, whereas for the dilution of the standards, analytical-grade methanol was used, all supplied from Sigma Aldrich, Taufkirchen, Germany.
Samples
Tap-water samples were collected from two addresses in the water distribution network, each consisting of combined sources of the adjacent water works. The analyses were carried out after extraction with a continuous-flow membrane module and with parallel classical liquid-liquid extraction.
Membrane extraction instrumentation
The overall experimental configuration of the flow system is shown in Fig. 1 . It comprised four closed storage vials, two pumps for transporting the aqueous sample, and the organic extraction solvent in counter current, respectively, the membrane extraction device and the interconnecting tubing.
The storage vials were closed with a silicone septum to prevent evaporation losses where syringe needles were inserted through for pressure balance. The sample was pumped with a multichannel peristaltic pump (Ismatec, Typ IP-8S) in the flow range of 10 -500 mL min -1 . For transporting the organic solvents, a two-channel micro-syringe pump (Axel Semrau GmbH, Germany, Model CMA/102, www.axelsemrau.de) with flow rates in the range of 0.1 to 20 mL min -1 was used. All interconnections were made of PTFE capillaries, with a constant inner diameter of 0.3 mm.
The membrane extraction flow cell employed was a sandwich unit in flat membrane configuration. The sandwich cell was made from two blocks of KEL-F ® material (chlorotrifluoroethylene) with mirror-like rectangular grooves (length, width and depth: 21, 2 and 0.36 mm).
Prior to extraction, the membranes were cleaned with acetone and dried, thereafter being immersed in the extraction solvent and allowed to naturally evaporate. Then, the membrane was installed and blank water was pumped in order to install the hydrodynamic equilibrium for the first 30 min, where the blank signal was quantified. Afterwards, the system was ready for preparing real samples, for which the extracting solvent was collected after extraction in sealed vials, and further on was subjected to GC analysis. Between two samples the system was cleaned with methanol, followed by an extracting solvent to avoid any carry-over effects. Finally, a blank was run to confirm the absence of analytes within the system.
Membrane material
Flat membranes used for the sandwich cell configuration were a non-porous made material from silicone (125 mm, Reichelt, Heidelberg, Germany) and LDPE (low-density polyethylene) (30 mm, Good Fellow, UK), as well as microporous PTFE (polytetrafluoroethylene) (60 mm, Schleicher & Schuell, Dassel, Germany), PVDF (polyvinylidene difluoride) (150 mm, Millipore, Schwalbach, Germany) and polypropylene (93 mm, Akzo Nobel, Wuppertal, Germany).
GC analysis
For separating the individual compounds and quantification, GC-ECD and GC-MS were employed. The analyses were performed using a 6890 Series gas chromatograph equipped with a split/splitless injector, an autosampler and a 5973 mass spectrometry detector (Agilent Technologies, Palo Alto, CA). The details are described in a previous publication.
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Results and Discussion
Membrane material
For the equilibrium processes, immobilization of the solvent in the membrane is related to the properties of the solvent and to the chemical and physical properties of the membrane. Therefore, favorable are small pore diameters, as well as a high viscosity of the solvent and a relatively strong interaction between the solvent and the membrane material (both solvent membrane types).
Using microporous membranes in the flow system, the immobilization of the solvent entrapped in the pores was found to be even more critical as in batch systems. 30 This is due to the differential pressure across the membrane, 31 which depends on the flow rate and the properties of the solvent and the analytes, as well as on the geometrical dimension of the membrane. A similar situation was observed by Kuosmanen et al. 32 who investigated the counter current flow, concurrent flow and stagnant solvent, and found that even the geometric arrangement of the solvent and water influences the transport of the solvent into the aqueous phase, and vice versa. Considering these fluiddynamic influences and the sought enrichment, many set-ups were realized with a stagnant solvent but resulting in a strong decrease of the mass transfer.
Because the application of non-porous membranes was not affected by the problems mentioned previously, and because the solvent compatibility as well as the long-term stability were reliable, homogeneous silicone membranes were chosen, despite the diffusion-controlled mass transfer.
Kinetics and influence of the phase-volume ratio
Since the preconcentration factor is an important measure of the extraction sensitivity, the most favorable situation is given when complete extraction efficiency is achieved using a high phase-volume ratio (q).
All trihalomethanes were applied in a concentration of 100 mg L -1 , because the purpose of the application was to develop an online monitoring system for environmental polluted ground and surface water as well as the control of drinking-water limits recommended by WHO (CHCl3, 300 mg L -1 ; CHBr3, 100 mg L
).
33 Figure 2 shows the enrichment factor of dibromochloromethane in the solvent as a function of the extraction time as well as of the flow rates of the donor and acceptor phases. The curve progression was developed similarly for all of the halomethanes investigated.
A significant increase in enrichment was completed after 30 min. For providing stable conditions, a 60-min extraction time was chosen for the following experiments. An increase of the donor flow rate from 400 to 600 mL min -1 (10 mL min -1 acceptor flow rate) enhanced the enrichment factor of dibromochloromethane by a factor of 2.3, which in general is in concordance with results obtained by Megersa and Jönsson. 34 The mass transfer per time (transfer rate) increases with enhanced donor flow rate, since inside the donor channel a permanent higher analyte concentration prevails, and the concentration gradient versus the acceptor solution is high. 13, 34 This effect is negligible in the investigated system with a log KOW of 2.16 in combination with the investigated donor flow rates. Even though the enhanced donor flow rate transports more analyte into the system, mass balances proved that the average concentration in the donor flow is insignificantly altered (one tenth of a percent range).
The reason for the enhanced dibromochloromethane enrichment was an increased flow velocity (Table 1, 9.3/14.0 mm s -1 ), which reduced the thickness of the boundary layer at the membrane surface, and therefore increased the mass transfer.
The highest dibromochloromethane enrichment was observed at 400 mL min -1 and a halved acceptor flow rate of 5 mL min -1 (phase-volume ratio, q = 80). The doubled residence time of the solvent (181 instead of 91 s) exceeded the above-described negative effect of a larger boundary layer at the membrane surface in the donor channel compared to 600 mL min -1 .
In summary, high donor flow rates should be applied if a sufficient sample volume is available. Low acceptor flow rates are favorable for a large enrichment factor but the limited mass transfer within the solvent increases the extraction time; additionally, possible evaporation effects have to be considered (e.g. chloroform b.p. 61˚C). As a basic principle, flow channels should be designed to be as thin as possible so as to reduce the effect of diffusion and considering the pressure drop of the module. 31 
Enrichment of trihalomethanes
Beside the temperature 32 and the above-described parameters, the membrane extraction process is influenced by the properties of the analytes. In porous membrane extraction the mass transfer is influenced by the log KOW values, because the analytes are in direct contact with the solvent, which penetrates the pores. 35 This was testified for the investigated haloforms by Vora-adisaka et al. 36 In contrast, the mass transfer in a nonporous membrane is governed by partitioning between the sample and the membrane, the diffusion through the swollen membrane and partitioning between the membrane and the organic phase. Figure 3 shows the kinetics of the enrichment for all four haloforms. The enrichment factor of dibromochloromethane and bromoform was approximately 30, while 17 and 6 were achieved for bromodichloromethane and chloroform, respectively. The large differences in the enrichment factors are neither proportional to the log KOW values, nor to the boiling points or the molecular masses. However, the enrichment factor increased with decreased water solubility. This indicates that complex interactions between the swollen membrane material and the analyte influence the mass transfer to a noticeable extent. Fig. 2 Enrichment of dibromochloromethane according to the dependence of the extraction time and the phase-volume ratio. s, 400 mL min -1 donor/5 mL min -1 acceptor; A, 600 mL min -1 donor/10 mL min -1 acceptor; f, 400 mL min -1 donor/10 mL min -1 acceptor. 
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Reproducibility
In order to assess the reproducibility of the entire method, including preparation of the aqueous standards, three samples were spiked with the methanolic standard of haloforms, and extracted with isooctane and cyclopentane as extracting agents. The relative standard deviation of three measurements was calculated on the basis of the peak areas of each compound, considering the areas of the external standard respective the ratios with the area of the internal standard: 1-bromo-2-chlorethane. The results under optimized conditions within the first 30 min are summarized in Table 2 .
The determination of the reproducibility using internal standards is adequate, since it covers the complete extraction process, including sample preparation, extraction and analysis. The relative standard deviations (RSD) vary between 7.2 and 13.2%. In summary, an improved reproducibility was observed from the first to the third cycle, which is due to the installation of equilibrium among water, the membrane and the solvent after 30 min of extraction. This testifies that the chosen extraction time of 60 min is a guarantee for stable conditions.
Linear range and limit of detection
In order to validate the method, beside reproducibility (illustrated in the previous paragraph) the linearity and the detection limits were investigated. Isooctane was selected as the extracting agent for continuous extraction mediated by a nonporous polymeric membrane. The validation data (Table 2) are in the same range as the data obtained with an on-line capillary silicone membrane extraction system reported by Brown et al. 37 However, the performance of the investigated method offers an improved sensitivity compared to another continuous capillary silicone membrane system presented by Gemme et al. 38 A comparison with the calibration curves realized in the linear range showed a good concordance with the calculated values. For all components, the correlation coefficients were higher than 0.996.
Matrix influences
The influence of the composition of the matrix in different aqueous samples spiked with the trihalomethanes was assessed. Besides drinking water from a public water network, other different aqueous matrices containing humic acid, coffee, wine and methanol were investigated. Dibromochloromethane was selected in Fig. 4 as the representative analyte of the haloform group for investigating the matrix effects, since the behavior of the trihalomethanes followed a similar trend.
It could be noticed that the extraction yield for all matrices is higher than that from distilled water supported by faster kinetics. The explanation relies on the presence of the dissolved ions and organic molecules which differentially influence the partition coefficient, the osmotic pressure and the viscosity. 39 The addition of sodium salt of humic acid resulted in a slightly decreased efficiency compared with extraction from drinking water, which is due to physical adsorption on the high molecular polymers added. A concentration of 5% methanol increased the extraction efficiency due to the solubilizing effect of methanol, which enhances the diffusion of organic components in the solvent through the membrane structure. A similar effect exhibits red-wine addition, however at a moderate rate, which might be due to the complex organic matrix of wine. In turn, even in the absence of alcohol the signals in a complex matrix, as in coffee, are higher than in drinking water, which demonstrates the advantages of membrane-assisted solvent extraction. Figure 5 illustrates the chromatogram after extracting a drinking-water sample spiked with 10 mg L -1 trihalomethanes, superposed for a comparison with a chromatogram of a similar amount added in distilled water. The combined chromatogram confirms the enhanced enrichment as a result of the presence of the tap water matrix without any influence on the quality of the individual signals. An analogue trend was illustrated in the diverse investigated matrices presented in Fig. 4 .
Application to real samples-comparison with liquid-liquid extraction GC-ECD
The reliability of the membrane extraction method in flow coupled with GC-MS detection was assessed by comparing the analytical results of a selection of samples with the classical liquid-liquid extraction coupled with GC-ECD. The drinking water studied contained different organic matrices representing a local mixture of the water pumped from the adjacent water works.
Two alternative disinfectants, ClO2 and NaClO, were investigated in order to estimate the THM formation potential in temporarily isolated water strings from two urban locations.
Trihalomethanes were extracted with the presented miniaturized configuration with a flat silicone membrane in flow and compared with a parallel classical liquid-liquid extraction. The results are summarized in Table 3 . Although the required doses of NaClO are lower compared to those of ClO2, haloforms were generated, which were still lower than the maximum recommended values of WHO (CHCl3, 300 mg L -1 ; CHBr3, 100 mg L -1 ; CHClBr2, 100 mg L -1 ; CHCl2Br, 60 mg L -1 ) 33 and the German drinking water regulation (TTHMs <50 mg L -1 ). 40 The Extrapolated detection limits were calculated from method LODs taking into account the enrichment factor and no losses during extraction. Sample injection volume: 2 mL. a. RSD, relative standard deviation = standard deviation related to the median value. results of the parallel methods present small variations, but no specific deviation tendency, which was also reported by Schellin et al. 41 in a comparison of membrane-assisted solvent extraction and head-space analysis. Because the deviation increased in the range of small concentrations near to the limit of detection, further optimization of the present method is recommended. Nevertheless, the investigated continuous flow system facilitates the monitoring of THMs within the recommended WHO limits. A comparison of the methods confirms the consistency of the data obtained with the two methods, and demonstrates the reliability of the miniaturized membrane flow extraction for the analysis of real samples.
Conclusions
An investigation of continuous-flow microextraction led to an optimized sample-preparation system. Solution-diffusion membranes were selected as the application for porous membranes, but were not feasible due to transfer of solvent and water through the membranes. The pressure differences between the donor and the acceptor flow channel were responsible for this effect.
The enrichment was strongly influenced by the flow conditions. The increase of the donor flow in combination with a decreased acceptor flow lead to 3-times higher enrichment factors (phase-volume ratio, q = 80). The improved enrichment relied on enhanced mass transfer at the membrane surface in the donor channel, which was achieved by higher flow velocities. Furthermore, the decrease of the flow velocity in the acceptor channel lead to a prolonged residence time, and therefore to an enhanced enrichment. In general, thin flow channels are favorable for a good mass transfer, but the pressure drop had to be taken into consideration.
The enrichment factor for dibromochloromethane and bromoform was approximately 30, while 17 and 6 for bromodichloromethane and chloroform were achieved. This sequence was not in correlation with the properties of the haloforms, like log KOW as in LLE or porous membrane extraction, which was due to the interaction between the analytes and the swollen solution-diffusion membrane.
The reproducibility was good with relative standard deviations of 7.2 to 9.5 after a 30-min extraction time. The investigation of different matrices confirmed, compared to distilled water, that membrane-assisted extraction was favorable for the quality of the analytical signals. In addition, the quantity and the kinetics of the extracted THMs were enhanced, due to the interaction between the partition coefficient, the osmotic pressure and the viscosity.
The application to drinking-water samples resulted in a good correlation with the classic LLE, and proved the applicability of the investigated continuous flow membrane extraction. Even though the mass transfer was limited due to the non-porous solution diffusion membrane, the performance of the system can be improved by optimization of the hydrodynamic flow conditions. However, the investigated continuous membrane microextraction method in flow revealed itself as being a very interesting alternative to conventional LLE. The enrichment factors and the extraction efficiency attained with the developed configuration were moderate, but at comparable levels with other continuous microextraction techniques. 17 The proposed module has presented the advantages of minimized extracting agent volumes, a high selectivity due to minimized matrix interferences, as well as the possibility of automation. ; acceptor phase, 10 mL min -1 . For LLE coupled with GC-ECD, LOD = 0.05 mg L -1 for all compounds, and for membrane extraction coupled with GC-MS the individual LOD's are presented in Table 2 . n.d.: Not detectable.
